INTRODUCTION
The discovery of the sudden stratospheric warming is credited to Scherhag [1952] , who noted a sudden increase in the radiosonde 10-mbar temperature over Berlin on January 30, 1952. However, the extent of the warming phenomena was unknown until the late 1950's, when a sudden stratospheric warming took place over the American radiosonde network in January 1957. This event allowed Teweles [1958] , Craig and Heting [1959] , and Lowenthal [1957] to make a partial synoptic analysis of the development of the sudden Warming. Another warming occurred in 1958 during the first IGY, so upper air data from the USSR could be used to complete a synoptic picture.
From the analysis of the 1957-1958 event by Teweles and Finger [1958] and $cherhag [1960] as well as studies of the 1956-1957 event it became evident that the stratospheric warming was a phenomenon involving the very largest zonal harmonic disturbances, the planetary waves. It is not surprising then that the more successful theoretical investigations o-f the sudden warming have centered on the dynamic properties of planetary waves. Charney and Drazin [1961] showed that stationary planetary waves could penetrate the stratosphere only during winter when the winds are moderate and westerly (blowing to the east). However, attempts to show that the warming might be a result of baroclinic instability with amplification of planetary scale waves have failed [Murray, 1960;  Mcintyre, 1972]. Matsuno [1971] suggested an alternate mechanism; the warming is generated through the interaction of the zonally averaged circulation with planetary waves along critical levels. His numerical model successfully reproduced many sudden warming features when planetary wave amplitudes were suddenly increased in the troposphere. Similar models have since confirmed Matsuno's results [Holton, 1976] .
The sudden warming must be considered in the context of the entire winter stratospheric circulation, which is qualitatively summarized below. After the fall equinox the heating at high latitudes due to ozone absorption of UV radiation decreases as the polar night expands equatorward. Temperatures over the winter pole decline, and strong westerlies develop, driven by the meridional temperature gradient between the equator and the pole and the Coriolis force. Part of the atmo- opment of blocking patterns in the troposphere [Namias, 1964; Tung, 1977] . Within 1 week to l0 days following the sudden increase in wave amplitude the temperatures rise dramatically over the pole, and the zonal winds reverse from westerly to easterly. Over single stations at polar latitudes, rocket observations show that the warming appears at high levels first and then descends into the lower stratosphere [Quiroz, 1969] . During very strong sudden warmings the temperature increase may even penetrate deep into the troposphere [Taylor and Perry, 1977; Quiroz, 1977; McGuirk, 1978] . Figure 1 shows the development of the 1969-1970 warming at the 2-mbar surface as reported by Miller et al. [1972] . This analysis was performed by using a combination of rocketsonde and satellite data coupled with high-altitude rawinsonde data. Figure ld shows that 11 days after the warming the temperature over the pole has fallen to its prewarming value and the polar night jet is slowly being restored. It usually takes 4-6 weeks for the zonal mean circulation to return to the prewarming state. If the warming occurs in late winter when there is an insufficient meridional gradient in solar heating to restore the polar night jet to its prewarming strength, then the zonally averaged circulation relaxes to an equinoctial rather than solstitial circulation. A major warming which occurs in late winter is often called a 'final warming. ' A third category of warming events is the 'minor warming.' In a minor warming the zonal winds in the stratosphere and the meridional 'temperature gradient usually weaken but do not reverse. Otherwise, these events seem to have all of the same characteristics of major warmings but with lesser intensity.
In the remaining portions of this paper we shall examine more explicitly the observational features of the sudden warming. These features will then provide a basis for evaluation of the theoretical models.
OBSERVATIONAL ASPECTS OF SUDDEN WARMINGS
This section is concerned with the climatology of the sudden warming, classification of warming events, and details of the processes which occur during a 'typical' warming.
Climatology of Warmings
In Table 1 From the monthly statistics shown in Table 1 it is evident that January and February are prime months for occurrence of both major and minor warming events. Each year shows either a single major warming or a series of minor warmings (or a single minor warming). We may conclude from this evidence alone that warmings are of integral importance to winter stratospheric climate.
Prewarming Stage
Figure 2 [from Labitzke, 1977a] shows the planetary wave amplitude for zonal harmonics 1 and 2 at 60øN as well as the zonally averaged 30-mbar temperature differences between 80øN and 50øN (typically -10øC to -20øC) for 13 winters. Note that in all cases shown, there is a strong correlation between amplifying planetary waves and the occurrence of either a major or a minor warming a week or so thereafter. Major warmings and most minor warmings tend to occur only in the presence of an intense polar vortex or strong vertical shear of the zonal wind (defined by AT in Figure 2) . A necessary condition for a major warming appears to be the presence of a wave number 1 amplitude exceeding 700 m at 30 mbar for several days. Labitzke [1977a] has noted that wave number 2 appears to be incapable of generating a major warming by itself. Quiroz et al. [1975] have classified the prewarming behavior of planetary waves according to the zonal trajectories of local warm cells which appear in the radiance data. These warm cells, or thermal centers, are the temperature perturbations associated with the planetary waves. In the 'type 1' warming, the thermal center moves zonally until it merges with a stationary thermal center associated with the Aleutian anticyclone. The warming develops as the two thermal centers amplify and move poleward. In the 'type 2' warming, stationary zonal wave number 2 amplifies and moves poleward with little phase change. The events as classified by Quiroz et al. [1975] Examples which appear to fall into the type A category are seen in Figure 2 for winters 1967-1968, 1970-1971, 1972-1973, 1976-1977 One of the well-known characteristics of a sudden warming event is the downward propagation of a warm layer from about 45 km into the lower stratosphere as seen by singlestation rocket measurements and satellite radiance data [Scott, 1972; Quiroz, 1969 Quiroz, , 1971 . It is generally assumed that this downward propagating warm layer is attributed to changes in zonally averaged thermal structure [Matsuno, 1971] , but recent evidence indicates that the warming may be highly nonzonal, as was first suggested by Hirota [1968] . Figure 4a warming phase, but instead, the temperature gradient has reversed. The zonally averaged motion field thus tends to cool the warm polar region and heat the cooler mid-latitudes, destroying A z.
The energy cycle of Julian and Labitzke [1965] shown in Figure 5 is generally consistent with the other studies mentioned in previous paragraphs, although the magnitude and sign of some of the other conversion terms vary. Overall, however, while energy studies like this are useful diagnostic tools, they provide little information on the mechanism responsible for the sudden warming.
Southern Hemisphere Warmings
For many years it was believed that major midwinter stratospheric warmings were confined only to the northern hemisphere, probably because so little radiosonde and rocketsonde data were available for the southern hemisphere. With the advent of satellite coverage of the southern hemisphere, Barnett [1975] was the first to report a major midwinter warming in the Antarctic stratosphere, during July 1974. From radiance data the temperature rise in the stratosphere appeared to be at least as large as the 1970-1971 and 1974-1975 measurements did not show the circulation reversal [Quiroz, 1974] required by the WMO definition of a major warming. Table 2 gives a short history of stratospheric warming events for the southern hemisphere. No major warming (by the WMO definition) has been observed for the southern hemisphere, but temperature increases as large as those associated with northern hemisphere warmings have occurred. There are other important climatological differences between the hemispheres. Observations indicate that the polar night jet is stronger and the polar stratosphere colder in the winter in the southern hemisphere. The polar night jet winds, for example, have been observed to exceed 100 m s -• at the stratopause in July and August [Hartmann, 1977] . Standing planetary wave numbers 1-3 have also been observed in the southern hemisphere stratosphere with amplitudes comparable to northern hemisphere values [Hartmann, 1977; van Loon and Jenne, 1972] . In addition, wave number 2 has a significant eastward traveling component during winter [Hartmann, 1976; Leovy and Webster, 1976] .
The nonreversal of the polar vortex in the southern hemisphere during a strong warming appears to be simply due to the fact that the prewarming vortex is much stronger in winter [Quiroz, 1974] . In other words, there appears to be an upper bound on the maximum temperature increase which occurs over the pole in either hemisphere during a warming. For the colder southern hemisphere stratosphere the warming appears to be insufficient to reverse the poleward temperature gradient over a layer deep enough to cause a breakdown in the polar vortex. This result also implies that the formation of easterlies is not critical to the development of a major warming.
THEORY
Theoretical models of sudden stratospheric warmings fall into three broad categories: (1) stability models, (2) dynamicmechanistic models, and (3) general circulation models. While none of the models has completely illuminated all of the physical processes that generate the sudden warming event, the dynamic-mechanistic models have certainly been the most successful.
Stability Models
Early investigators thought that the development of the sudden warming might be similar to the rapid development of mid-latitude synoptic systems due to baroclinic instability. Murray [ 1960] checked to see if the polar vortex in the stratosphere met the necessary condition for instability, using a simple one-dimensional model of the lower stratospheric wind shear. While the wind shear profile used by Murray turned out to be unstable, Mcintyre [1972] Overall, the stability models tend to rule out baroclinic or barotropic instability as the principal driving mechanism for the sudden warming. Nevertheless, Geisler and Garcia [1977] have shown that some unstable transient modes, which they referred to as 'Green modes' after their discovery by Green [1960] , with large vertical and horizontal scales have growth rates of the order of 2-3 weeks.
Dynamic-Mechanistic Models
In a mechanistic model, the troposphere is treated as a known and prescribed source of planetary waves, and the mean zonal winds are specified from data. Matsuno [1971] There are also a few discrepancies between Matsuno's [ 1971 ] calculations and observations. For the rn = 1 integration, Matsuno found that the warming formed at two widely separated altitudes simultaneously, which is generally not observed. In addition, the existence of downward propagating critical levels is not clearly supported by observations of the mesosphere [Quiroz, 1969] . The ability of the rn = 2 planetary wave to generate a sudden warming as Matsuno [1971] produced is not supported by data [Labitzke, 1977a] , and furthermore, from Table 1 The structure of the warming generated by Holton's numerical study was considerably different from that generated by Matsuno. First, the double-layered warming that Matsuno obtained for rn = 1 (Figure 7a Since the free modes are normal modes of the flow field, small amounts of forcing for these modes produces a resonant response in wave amplitude. For traveling waves the forcing is normally near zero, but for stationary planetary waves the orographic and thermal forcing is relatively large. Thus if a free mode became stationary, it would amplify explosively.
The sudden amplification of the wave then decelerates the mean zonal flow by the Charney-Drazin mechanism and perhaps produces a sudden warming. Clark [1974] tested this theory, using a one-dimensional two-layer model of the polar night jet. Free modes developed by reflecting off the strong westerlies associated with the jet.
Even with realistic damping he found that resonant interaction was capable of producing a sudden warming in a time scale of about 2 weeks. Unfortunately, Clark's model did not allow for north-south energy flow. Under normal winter conditions a band of easterly winds exists near the equator. Dickinson [1968] suggested that the critical level formed by such easterlies should completely absorb wave energy generated at midlatitudes. Thus it would appear that a stratospheric resonant cavity could never be attained if easterlies existed near the Tung [1977] , using analytic models of the stratosphere, has shown that when nonlinear effects and damping are both considered, the equatorial critical levels will partially reflect wave energy so that near-resonant states can be achieved. Instead of the resonance generating the warming, as was suggested by Clark [1974] , Tung noted that resonant growth need only produce the prewarming planetary wave amplification required by Matsuno [1971] to produce a sudden warming. The tropospheric blocking which appears to be coincident with many major warming events [Miyakoda et al., 1970; Labitzke, 1965] would be a manifestation of the resonant planetary wave at low altitudes.
A recent model which suggests a connection between the climatology of the stratosphere and the sudden warming has been presented by Holton and Mass [1976] . Using a onedimensional formulation of planetary waves on a • plane similar to that given by Simmons [1974a] Table 1 or in studies by Labitzke [1977a] . This may be due to the fact that actual planetary wave forcing during winter is not steady.
General Circulation Models
Since global general circulation models (GCM's) have only recently begun to include levels in the stratosphere, few attempts have been made to simulate sudden stratospherie warmings. Simple stratospheric GCM's developed by Bryon- Scott [1967] and Clark [1970] 
SUMMARY AND CONCLUSIONS
The major stratospheric warming is defined by an observational event sequence beginning with the rise in the amplitude of planetary wave number 1 at mid-latitudes in the winter stratosphere followed by the breakdown of the polar vortex and a simultaneous rapid temperature rise over the polar regions. The sequence can be subdivided into the two categories illustrated in Figure 3 . Type A, the more frequently observed, clearly shows the involvement of both planetary wave numbers 1 and 2, while type B involves only wave number 1. Minor warmings have the same basic character as major warmings but lack the intensity; as a result the polar vortex does not completely break down as it does with the major warming. Both major and minor warmings appear to be integral components of the winter stratospheric climate in that they occur nearly every year in the northern hemisphere. For the southern hemisphere warming, similar thermal pulsations have been observed in the stratosphere. The intensities of these events are the same as those associated with major warmings in the northern hemisphere, but a mean circulation reversal has never been observed.
Single-station observations show that a stratospheric warming begins at high altitudes and descends into the lower stratosphere and troposphere. This behavior seems to be partly due to the nonzonal character of the warming. The planetary scale temperature wave has a strong westward tilt and thus gives the appearance of a downward progressing thermal system when it drifts westward prior to the warming [Hirota, 1968; Quiroz et al., 1975] . The ultimate source of heat for the zonally averaged temperature increase is the tropical troposphere and stratosphere; the large-amplitude planetary waves appear to pump heat northward during the warming, depositing it in the polar regions [Mahlman, 1969] , and energy studies confirm the importance of baroclinic transfer of heat from eddies to the zonal mean circulation during the warming.
Dynamic instability of the polar vortex has all but been ruled out as the mechanism behind the sudden warming [Mcintyre, 1972] . More plausible is a variant on theories presented by Matsuno [1971] 
